Hypotheses Task performance improv es with the use of a balanced degree of shadow and illumination compared with no or max imum shadow contrast; and ov erhead shadow-casting illumination is better than side illumination.
contrast, the human v isual sy stem perceptually rescales disparity information for different distances to produce v alid depth, a process called stereoscopic depth constancy. The depth perceiv ed by the current 3-dimensional sy stems is v alid if it corresponds to the predicted depth by geometry . As a result, there is a limited operational distance in which 3-dimensional effect is obtained, but outside this range, the surgeon operates from false depth information.
An alternativ e approach for improv ing depth perception is to enhance monocular depth cues av ailable in the current 2-dimensional endoscopic image. The coax ial alignment of the lens sy stem and optical light fibers in rigid endoscopes produces a shadowless operativ e field. Our group's earlier research showed that endoscopic task performance significantly improv es when a shadowproducing sy stem (separate ports for imaging and illumination) is used. The use of v arious illumination sources produces different degrees of shadow. The aim of this study was to optimize shadow production in terms of the degree of shadow contrast and the location of shadow-casting illumination.
ERGONOMICS OF THE SETUP
Ex periments were conducted in a wooden trainer box (480 × 360 × 250 mm) with the use of a 2-dimensional v ideoendoscopic sy stem (Karl Storz, Tuttlingen, Germany ). Two illumination sources were used; the primary endoscope prov ided both illumination and imaging, while a second endoscope prov ided shadow-casting illumination. Figure 1 shows the ex perimental apparatus. The primary endoscope (1 0-mm diameter, forward-v iewing direction) was introduced with an optical ax is-to-target angle of 60° and at a distance of 1 00 mm from a fix ed point on the trainer base (setup reference point). The primary endoscope was attached to a v ideo camera (Telecam; Karl Storz, Tuttlingen, Germany ) to display the endoscopic field on a monitor (model PV M-1 443MD; Sony Corp, Toky o, Japan). The shadow-casting illumination was prov ided by a 1 0-mm forward-v iewing endoscope at a distance of 1 00 mm from the setup reference point. The shadow-casting illumination was positioned with light direction either perpendicular or at an angle of 60° to the horizontal plane at the reference point to prov ide either ov erhead or lateral light. Two 450-W halogen light sources were connected to the endoscopes by means of fiberoptic light cables of 8.6-mm diameter. The light sources were adjusted independently to change the lev el of illumination. An endoscopic instrument was introduced with an elev ation angle of 60° between the instrument ax is and the horizontal plane.
The angle between the instrument and the center of shadow-casting illumination was 30°, whereas the angle between the instrument and the optical ax is of the primary endoscope was 40°. 
SETTINGS OF ILLUMINATION AND SHADOW PRODUCTION
There was no shadow with illumination from the primary endoscope as the only source for illuminating the operativ e field. Shadow was produced by ov erhead and side illumination, with the max imum shadow contrast obtained by using the primary endoscope for imaging and another light source for illumination (Table 1 ). Figure 2 shows the shadow produced by ov erhead and side illumination. With the ov erhead light (Figure 2A ), the shadow of the instrument came from the same side of the monitor frame as the surgeon (actual side of the instrument entry ), whereas the instrument's shadow appeared from the side of the monitor frame with side illumination (apparent instrument's side on the monitor) ( Figure 2B ). 
INFLUENCE OF SHADOW CONTRAST ON TASK PERFORMANCE
The standard task entailed touching target points on an undulating surface (Figure 3 ) with the use of a surgical hook. The target points were electrodes connected to a light-emitting diode on a control panel. Illumination of the light-emitting diode indicated successful task ex ecution at the corresponding target point. Each run consisted of 1 3 target points in a random sequence. Each error was identified by a red light in the control panel. An error was defined as touching the wrong electrode or the surface of the target object instead of the electrode. The end points for each run were the ex ecution time and number of errors. Ten surgical trainees participated in the study . Each subject performed 3 runs with each of the 5 shadow-illumination settings in a random order. All subjects had 20/20 corrected v isual acuity , and each used his or her dominant hand to perform the task. Ex periments were carried out in the research laboratory with the same background illumination. 
STATISTICAL ANALYSIS
The data were not normally distributed, and therefore Kruskal-Wallis 1 -way analy sis of v ariance and Mann-Whitney test were used for analy sis. Significance lev el was set at P<.05. 5 http://archsurg.jamanetwork.com/article.aspx?articleid=397111 4/6 Table 2 shows the median and magnitude of the interquartile range of the ex ecution time and errors committed by the participants. No significant difference in the ex ecution time was found between different settings of shadow contrast. The "no-shadow" setting had a higher error rate than shadow contrast settings of 22% (P<.001 ), 42% (P<.001 ), and 65% (P = .009) for ov erhead illumination and the shadow contrast setting of 22% (P = .01 ) for side illumination. With ov erhead shadow-casting illumination, 22% and 42% shadow contrast were associated with a lower error rate than the max imum shadow contrast (65%) (P<.001 and P = .005, respectiv ely ). Twenty -two percent shadow contrast produced by ov erhead illumination was accompanied by a lower number of committed errors than the same contrast shadow intensity produced by side illumination (P<.001 ). The study confirmed the findings of our group's earlier research that shadow depth cues enhance endoscopic task performance. The present study has, howev er, shown that a balanced degree of shadow and illumination is necessary for max imum gain in task performance. Thus, ex cessiv e shadowing (shadow contrast of 65%) is accompanied by a higher error rate than lower shadow intensity lev els (22% and 42%). We postulate that a low lev el of illumination at a shaded area may account for poor performance with max imum shadow contrast. The present inv estigation has also shown that the best performance is obtained with ov erhead shadow-casting illumination as opposed to side illumination. This observ ation is not unex pected, as sev eral studies in v isual psy chology hav e confirmed that the human v isual sy stem prefers ov erhead illumination, as it is accustomed to ov erhead lighting by the sun and other sources of artificial light. This dependence on ov erhead illumination for appreciation of v alid shadow cues dev elops v ery early , as 7 -month-old infants hav e been observ ed to select conv ex shapes on the basis of shading information.
In addition to depth enhancement, shadow may hav e a role in the orientation of endoscopic instruments in the operativ e field. In the setup of our study , the instrument was introduced into the trainer box from the same side of the surgeon, but the instrument appeared to enter the operativ e field toward the surgeon from the upper part of the monitor frame. The difference between real instrument location and apparent display on the monitor is due to v iewing of the instrument by the endoscope from below. Nev ertheless, with ov erhead shadow-casting illumination, the instrument's shadow appeared on the monitor in the same direction as the real location of the instrument. With side illumination, the shadow appeared on the monitor from the same side as the shadow-casting illumination, ie, quite different from real instrument direction. This may ex plain the superiority of ov erhead illumination as the source for the shadow.
Currently , there are 2 endoscopic sy stems that generate shadow in the operativ e field: the illuminating port and the shadow-producing endoscope (MGB Endoscopy Co Ltd, Seoul, Korea).
The shadow produced by both sy stems is not optimum, as the shadow-casting illumination comes from the side by the illuminating cannula and from below by the shadowproducing endoscope. There is a need to dev elop a sy stem that prov ides ov erhead illumination of the operativ e field to create true shadow cues for endoscopic surgery . We hav e prev iously suggested that fiberoptic light bundles can be deploy ed inside superelastic div erging shape-memory alloy tubes to prov ide ceiling shadow-casting illumination. Such a sy stem has the potential for creating a balance between illumination and degree of shadow contrast.
We believ e that an ov erhead shadow-casting illumination sy stem will improv e depth perception in endoscopic surgery . Howev er, the degree of such improv ement in the clinical setup depends on the av ailable depth cues, such as familiar size, interposition, and prox imity -luminance cov ariance. Shadow depth perception is likely to be more beneficial when monocular cues are sparse in the 2- 
